The establishment of rat embryonic stem cells constitutes a precious tool since rat has been extensively used in biomedical research, in particular for the generation of human neurodisease animal models. Up to now only a few studies have described the isolation of rat embryonic stem-like cells. One out of 9 isolated rat embryonic stem-like cell lines (B1-RESC) obtained from a 4.5-day post-coitum blastocyst were extensively characterized and kept in culture for up to 80 passages on feeders with LIF. The stable growth of these cells and the expression of pluripotent markers were confirmed up to a high number of passages in culture, also in the absence of feeders and LIF. B1-RESC expresses the three germ layers markers both in vitro, within differentiating embryoid bodies, and in vivo through teratoma formation. Collectively, the B1-RESC line with a stable near-diploid karyotype can be used as a highly sensitive tool for testing antiproliferative molecules. Developmental Dynamics 240:2482-2494,
INTRODUCTION
In the last few years, stem cells (SCs) have become one of the most important and delicate research issues because of the great expectations regarding their potential therapeutic use in a wide spectrum of degenerative diseases. Pluripotent embryonic stem cells (ESCs) have the capability of unlimitedly proliferating in vitro while maintaining an undifferentiated state. Due to their pluripotency, they retain the ability to differentiate into all cell types in vivo and can be induced to form derivatives of all three germ layers (ectoderm, endoderm, and mesoderm) in vitro as well. The establishment of ESCs from different non-mammalian (Pain et al., 1996; Collodi et al., 1992) and mammalian species (Suemori and Nakatsjui, 2006; Mitalipov et al., 2006 ) has already been described. As far as nonhuman mammalians are concerned, mouse seems to be one of the species that presents fewer problems regarding isolation, maintenance, and karyotype stability of ESC lines. Conversely, rat has proved to be an extremely difficult species from which to obtain ESC lines. As ESCs are a preferred tool for genome manipulation in functional genomics studies, RESCs would clearly constitute a very important biomedical research tool for the investigation of a large number of diseases (Jacob, 1999) such as degenerative diseases and, in particular, acute and chronic neurodegenerative diseases (e.g., multiple sclerosis, Parkinson's disease, spinal cord injury, etc.), as well as for gene function studies. In the last decade, some groups have reported the establishment of pluripotent stem and stem-like cell lines from rat blastocysts (Vassilieva et al., 2000; Fä ndrich et al., 2002; Buehr et al., 2003 Buehr et al., , 2008 Ruhnke et al., 2003; Schulze et al., 2006; Demers et al., 2007 Demers et al., , 2010 Demers et al., , 2011 Ueda et al., 2008; Li et al., 2009; Kawamata and Ochiya, 2010a,b; Hirabayashi et al., 2010) . Among them, Buehr and Li and collaborators proposed an alternative, if not unique, method for deriving RESCs, which has already been proven to work in mouse ESCs, using three or two ''inhibitors'' in the medium (3i or 2i culture conditions) to specifically block key cell differentiation signalling pathways regulated by tyrosine kinase receptors (Buehr et al., 2008; Li et al., 2008) , thus maintaining optimal pluripotency. Moreover, quite recently, Kawamata and Ochiya reported the successful generation of transgenic rats from ESCs using a combination of 4 cell differentiation signalling inhibitors (Kawamata and Ochiya, 2010b) , while Tong and collaborators generated gene knockout rats using ESC-based-gene targeting technology (Tong et al., 2010) .
In the present study, a description is given of the establishment, characterization, and possible uses of a rat embryonic stem-like cell line, B1-RESC, obtained from 4.5-day post-coitum (pc) blastocysts using a standard derivation protocol. The B1-RESC line was kept in culture for up to 80 passages during which it maintained an undifferentiated state. The stable growth of these cells and the expression of pluripotency markers such as alkaline-phosphatase, SSEA-1, Oct-4, Nanog, and Sox-2 were confirmed using different methodological approaches such as immunocytochemistry, quantitative morphometry, and real-time PCR. These stem-like cells were able to differentiate in vitro into cell phenotypes of the three germ layers, as well as in vivo into bona fide teratoma. Since the regulation of Oct-4 expression is an important factor in rat ESC isolation and maintenance, culture conditions were established under which Oct-4 expression is regulated according to cell growth as clusters or single cells.
RESULTS

Establishment and Characterization of Rat Embryonic Stem-Like Cells
Blastocysts were collected from Sprague Dawley female rats at 4.5 days post-coitum (dpc) (for representative images, see Fig. 1A ,B) and were cultured on primary MEF-feeder layer using the following three different media, the composition of which is described in the Experimental Procedures section: (1) SCML, (2) KSR, and (3) TX-WES (also known as RESGRO). The difference between SCML and KSR media resided in the serum used, Euromed-Embryonic stem cell quality FBS, and knockout serum replacement, respectively. The composition of TX-WES has not been described (patent WO 2002/000847) . After 2 days, blastocyst outgrowths were observed in all media tested. One week after blastocyst isolation and culture, cell aggregates started growing in highly compact clusters (Fig. 1C,D) . On using KSR culture media, adherent differentiating cells surrounding the clusters emerged in some cases within the first 10 passages. Clusters displaying this feature were discarded. Clusters exposed to SCML and TX-WES media grew faster than clusters in KSR media, and SCML was the medium allowing the largest number of clusters to form. Figure 1E shows the growth rate of clusters formed in the three culture media at passage 8 (chosen as representative for the first 10 passages performed). There is a significant increase in the mean diameter of 3 DIV clusters obtained in SCML medium compared with those in KSR medium. Statistical analysis was performed by two-way ANOVA, considering culture media and DIVs as variables. Significant results were obtained for both parameters: culture medium **P < 0.001, F(6,181)¼4.071; DIVs ***P < 0.0001, F(3,181) ¼ 15.20; interaction between parameters *P < 0.05, F(18,181) ¼ 1.69. Proliferative cell clusters originating from single blastocysts and grown separately were considered as a stemlike cell line. Throughout this report, Representative images of clusters growing in SCML media at 1 and 4 DIVs, respectively, after passage. Magnification 10Â. E: Growth rate of clusters in the three different media used (SCML, KSR, and TX-WES) as a mean diameter analyzed along the days in vitro at passage 8 (3 days in vitro, SCLM vs. KSR, *P < 0.05, two-way ANOVA). F: Growth rate of B1-RESCs at passages (p) 10, 30, and 80. Linear regression analysis showed that the slope of the lines was not significantly different, indicating that growth rate is stable over the passages. G: Growth rate of B1-RESCs after cryopreservation at passages 17 and 47. Linear regression analysis showed that the slope of the lines was not significantly different, indicating that growth rate is stable within the passages, also after cryopreservation. See Results section for statistics description.
rat embryonic stem-like cells are referred to as RESCs. The derivation efficiency of RESC lines using the three different conditioned media was highest for SCML medium (see details in Supp. Table S1 , which is available online). The cell line showing highly compacted clusters with minimum level of spontaneous differentiation and best growth rate stability, obtained with SCML growth medium and named B1-RESC line, was then selected. B1-RESC showed a stable growth rate throughout passages in culture, up to passage 80 (Fig. 1F ) and also after cryopreservation (Fig. 1G) , as expected for permanent cell lines.
Cytogenetic analysis confirmed the rat origin of B1-RESC. From the analysed metaphases (n ¼ 45), a stable near-diploid karyotype (N ¼ 45-49) within passages and after cryopreservation was observed (see Supp. Table S2a, 2b) . All the metaphases showed chromosome 3 trisomy. The female sex of B1-RESC was confirmed by realtime PCR using primers designed in the sex-determining region Y (Sry) mRNA sequence (see detailed procedure in the Supp. Experimental Procedures section and Supp. Fig. S1 ).
Stemness marker expression was studied in B1-RESC clusters (þMEF, þLIF, þbFGF culture conditions) by immunocytochemistry and analyzed by a procedure of optical sectioning, which included a deconvolution software procedure applied to cell aggregates with a mean diameter of between 100-600 mm. Alkaline phosphatase (AP) staining was found to localize with SSEA-4 at the cell surface (Fig. 2B , merging areas in yellow). Figure 2M and N shows high-magnification details of cell membrane distribution of SSEA-4 and nuclear Hoechst 33258 staining, in particular after deconvolution analysis (Fig. 2N) . 3D (x, y, and z) colocalization analysis of Oct-4 staining in B1-RESC revealed a relatively uniform distribution (Fig. 2E,I ), and single section Representative image of a cluster processed by immunocytochemistry with coordinates (X, Y, and Z axis) where AP/SSEA-4 colocalization (yellow) was observed. C: Oct-4, SSEA-1, and Hoechst 33258 triple staining (three-color channels) in a 3D reconstruction, 10 mm thick, from the cluster. D-F: Single staining (one-color channel) for Hoechst 33258 (blue) (D), Oct-4 (green) (E), and SSEA-1 (red) (F), respectively. G: 3D reconstruction of Oct-4, SSEA-3, and Hoechst 33258 triple staining (three-colour channels). H-J: Single staining (one-colour channel) for Hoechst 33258 (blue) (H), Oct-4 (green) (I), and SSEA-3 (red) (J), respectively. K, L: Low-magnification, 2D images of double staining for SSEA-4 and Hoechst 33258 in which deconvolution was applied (10Â and 20Â, respectively). M, N: High-magnification details (60Â) of SSEA-4 and Hoechst33258 double staining before and after deconvolution, respectively. Low-magnification images, scale bar ¼ 100 mm; high-magnification images, scale bar ¼ 20 mm.
analysis revealed localization of Oct-4/ SSEA-1 (Fig. 2C) and Oct-4/SSEA-3 (Fig. 2G) within the same cells.
In the absence of MEF and LIF but in bFGF-containing medium, B1-RESCs formed large spherical cell aggregates known as embryoid bodies (EBs). Cells obtained from EBs growing in differentiation conditions were tested for lineage potentiality using antibodies against markers for ectoderm, mesoderm, and endoderm germ layers at 2, 10, and 19 days in culture. Due to our interest in neural lineage, we included several markers for neural, astroglial, and oligodendroglial differentiation. After 2 DIVs in differentiating conditions, most of the cells displayed a round shape with big nuclei and small cytoplasm, and only a few of them displayed very short processes (Fig. 3A) . After 10 DIVs, most cells started to change morphology, losing their round shape. Some of them presented large processes emerging from the cytoplasm, while others presented one or two thick ''branch-like'' processes, conferring a mono-or bi-polar morphology on the cells (Fig. 3B) . At the latest time-point studied (19 DIVs), cells exhibited a differentiated morphology with long branched processes, either thick or medium-large (Fig. 3C) . The morphological changes of differentiating cells after 2, 10, and 19 DIVs were accompanied by changes in the expression of some phenotype-related antigens (nestin, b-tubulin class III (Tuj1), doublecortin -DCX-, glial fibrillary acidic protein -GFAP-) studied by immunocytochemistry (Fig. 3D) . At 2 DIVs, cells were identified as clearly positive for nestin (neuroectoderm), laminin, alpha fetoprotein (endoderm), BMP4 (mesoderm), vimentin, and thyroid hormone receptor (TRa1) (Supp. Fig.  S2 ). In some cells, immunoreactivity for p75 was observed (Supp. Fig. S3 ) and for DCX, but no staining for GFAP, b-tubulin, NG2, 2 0 ,3 0 -cyclic nucleotide 3 0 -phosphodiesterase enzyme (CNPase) or RIP (Fig. 3D) . After 10 DIVs, we detected cells positive for laminin, alpha fetoprotein, BMP4, vimentin (see Supp. different time points studied is presented in the graph in Figure 3D (mean of three independent experiments) (for statistics, see also Supp. Table S4 ). A high percentage of undifferentiated cells (nestin-positive) is present in the cultures until the last time point studied. It should be noted that nestin-, laminin-, alpha fetoprotein-, MBP4-, and Vimentin-positive cells were observed starting from the first time point studied. No b-CG immunoreactive cells were found after 20 or 40 days differentiation (data not shown).
Also the effect of the cryopreserving agent DMSO on the growth rate and viability of B1-RESC, growing as clusters or single cells (Fig. 4A,B) , was studied. In the case of clusters, growth rate was studied through the changes in mean diameter (cluster size) along with the days in culture. For single cell growth rate, the MTT assay was used. Figure  4D -F were exposed to 0.1, 1, and 10% DMSO, respectively. Compactness and size of clusters (diameter) were found to be strongly affected by exposure to 1 and 10% DMSO. Statistics: two-way ANOVA considering DMSO treatment and DIVs as variables. Treatment effect: ***P < 0.0001, F(3,86) ¼ 14.26; DIV effect: *P < 0.05, F(3,86) ¼ 3.863. Likewise, single cell viability studied by MTT assay was significantly reduced (Fig. 4 B, I, J) (two-way ANOVA; DMSO treatment effect: ***P < 0.0001, F(3,36) ¼ 198.5; DIVs effect: ***P < 0.0001, F(2,36) ¼ 87.51; interaction: ***P < 0.0001, F(6,36) ¼ 23.79).
B1-RESCs and Oct-4 mRNA Expression
Since Oct-4 is an important transcription factor involved in the maintenance of pluripotency in embryonic stem cells, it was assessed whether Oct-4 expression was possibly affected by the different culture conditions (6MEF) and medium composition (6LIF), thereby compromising cell pluripotency.
B1-RESCs cultured on MEF in the presence of LIF and bFGF (Fig. 5A , þMEF, þLIF, þbFGF) proliferated and formed clusters (CL) of increasing sizes as a function of days in culture. Upon enzymatic and mechanic dissociation, followed by plating onto low attachment plates in the presence of mitogens (ÀMEF, þLIF, þbFGF), cells proliferated strongly and evolved into a mixed population of both floating clusters and adherent single cells (CL-sc) (Fig. 5B) . Instead, in the absence of LIF but with bFGF in the culture medium (ÀMEF, ÀLIF, þbFGF), floating EBs could be observed as a first event in ESC differentiation, in addition to single adherent cells (Fig.  5C ) (as reported by Kurosawa, 2007) . After 1 week of EB culture, cells were dissociated and cultured on standard culture plates on MEF-free, in mitogens-free (ÀMEF, ÀLIF, ÀbFGF) media. In this condition, cells proliferated mainly as single cells (sc) (Fig.  5D ) and split regularly at the confluence. When mitogens were then included in the culture medium (þLIF, þbFGF) for more than 1 week, cells continued to proliferate and, again, a number of clusters growing on the attached single cell monolayer were observed up to 14 DIVs, i.e., the last time point studied (sc-CL, Fig.  5E ,F).
B1-RESCs expressed Oct-4 in all the conditions (also indicated in the bottom of graph G in Fig. 5 ). In the absence of MEF but in the presence of mitogens (ÀMEF, þLIF, þbFGF), a mixed population of floating clusters and single cells was observed (CL-sc, Fig. 5B ). Under these conditions, the expression of Oct-4 reached very high levels, i.e., nearly 7 times higher than CL (*P < 0.05). In comparison, Oct-4 expression within EBs decreased about 5-fold (*P < 0.05). Complete removal of mitogens from the medium (ÀLIF, ÀbFGF) in MEF-free conditions caused a huge Oct-4 downregulation compared to the CL-sc sample (**P < 0.001). Culture medium without mitogens represented the less favorable condition for Oct-4 expression, although it remained detectable. Upon further addition of LIF and bFGF to single cell culture medium, Oct-4 expression increased over time, and Oct-4 mRNA levels were found to be significantly higher in single cells (sc) grown in the presence of LIF and bFGF for 14 days, compared to single cells without mitogens (*P < 0.05) ( Fig. 5G) . The results included in the graph in Figure 5G are the mean values of real-time PCR analysis from three independent experiments performed using two or three different aliquots of cells for each culture condition studied. Statistical analysis was performed by one-way ANOVA and Tukey's post-hoc test.
In addition to Oct-4, B1-RESCs grown as single cells in MEF-, LIF-, and bFGF-free conditions expressed other markers of pluripotency such as Nanog Sox-2, Dppa3/Stella and Klf4, and also Epiblast SC (EpiSC) markers such as Sox-17, Foxa2, and Dkk1 (Fig. 5N) , which are endoderm (Sox-17, Foxa2) and mesoderm (Dkk1) differentiation markers. The expression of Nestin mRNA (ectoderm) was also demonstrated by real-time PCR (see Supp. Fig. S5 ).
In Vivo Differentiation of B1-RESCs
We tested the capacity of B1-RESCs to in vivo induce the formation of teratomas containing tissue of the three germ layers. Representative images obtained from teratoma histological sections are included in Figure 6 showing ectoderm (Fig. 6A1, A2 ) in which multilayered epidermis (*) and a hair follicle in development ( §) are indicated. Endoderm and mesoderm tissues are included in Figure 6B -G: striated muscle (Fig. 6B) ; adenoma gland-like structures (^) (Fig. 6C, C1 , D, D1); cartilage ( Fig. 6D and E) ; endothelial cells lying on basal membrane of gland-like structures are highlighted by the black arrow; bone tissue ( Fig. 6F ) and smooth muscle (Fig. 6G) . In Figure 6H , a highly undifferentiated area can be also observed.
B1-RESCs as a Tool for Drug Discovery
We have shown that B1-RESCs displayed a stable growth rate over dozens of generations and in all tested manipulations (passages in culture, freezing/ thawing). Thus, these cells could represent a reliable model for developing screening tests for different types of molecules, including antiproliferative drugs, teratogenic molecule screening, culture media composition, among others. As an example of such applications, B1-RESCs were exposed to increasing doses of two antiproliferative drugs, colchicine and cyclophosphamide. Growth rate was studied in terms of mean diameter of the clusters, and cell toxicity as caspase-3 protein expression analyzed by immunocytochemistry and optical sectioning. Figure 7A and B show a dose-dependent inhibition of cell growth and mean diameter after 4 days of exposure to colchicine and cyclophosphamide (0.01, 1, and 100 mM). Both colchicine and cyclophosphamide (1 and 100 mM) significantly reduced cell growth compared to controls. Statistical analysis: two-way ANOVA was performed for diameter analysis including DIVs and treatments as variables. Colchicine treatment effect: ***P < 0.0001, F(3,80) ¼ 30.75; DIV effect: ***P < 0.0001, F(3,80) ¼ 33.62; interaction: ***P < 0.0001, F(9,80) ¼ 4.575 (Fig. 7A) . Cyclophosphamine treatment effect: ***P < 0.0001, F(3,80) ¼ 30.75; DIV effect: ***P < 0.0001, F(3,80) ¼ 33.62; interaction: ***P < 0.0001, F(9,80) ¼ 4.575 (Fig. 7B) . Moreover, colchicine at 1 and 100 mM and cyclophosphamide at 100 mM induced a significant increase in caspase-3 immunoreactivity (Fig. 7C,  D) . Statistical analysis performed by one-way ANOVA and Tukey's post-hoc test showed significant differences when comparing treated versus controls (***P < 0.0001) and also within the different drug dose groups of cells (colchicine 1 mM vs. 100 mM, **P < 0.001; cyclophosphamide 0.01 mM and 1 mM vs.100 mM, *P < 0.05 and **P < 0.001, respectively).
DISCUSSION
In this study, we achieved the successful establishment and characterization of a rat embryonic stem-like cell line, called B1-RESC, obtained from rat blastocysts. Cells expand efficiently with a stable proliferative rate also after a large number of passages, feature a near diploid karyotype, maintain an undifferentiated morphology, and stably express classical markers of an ESC undifferentiated phenotype such as Oct-4, SSEA-1 in vitro, and form teratoma in vivo. The B1-RESC line can be successfully cryopreserved and, importantly, can be used as a reliable tool for in vitro testing of anti-proliferative molecules, which to our knowledge has never been reported for rat ESCs.
Isolation and Characterization of a Rat Embryonic Stem-Like Cell Line
In spite of the fact that several mouse and human ESC lines have been established and characterized (Evans and Kaufman, 1981; Smith, 2001; Trounson, 2006) , the literature indicates that the isolation of pluripotent stem cells from rat is difficult to achieve. Some authors propose using a particular protocol to isolate RESCs (Buehr et al., 2008; Li et al., 2008) , based on specific signal differentiation inhibitors and adapted from the one used for propagating competent mouse ESCs . Although there is still some concern within the RESC research community about the robustness of such a protocol (Pei, 2009), very recent reports point to the advantage of using key signalling inhibitors to generate transgenic rats from ESCs (Kawamata and Ochiya, 2010b; Tong et al., 2010) .
Using an optimized mouse ESC protocol, several rat embryonic stem-like cell lines on MEF feeders were established, one of which, B1-RESC, was extensively characterized. It possesses most of the required features of an ESC line, including extended stable growth as undifferentiated compacted clusters (up to 80 passages), expression of pluripotency markers, in vitro differentiation into cells representative of the three germinative layers, and, most importantly, it displays teratoma-forming ability. SCML proved to be the most efficient of the tested media since a larger number of stem-like cell lines were obtained, all of them showing high proliferative capability. The capability of B1-RESC to generate germ-line chimeras in vivo and to contribute to embryonal tissues remains to be proven.
Our RESC-like cell line expresses placental AP antigen, a marker of an undifferentiated state in pluripotent stem cells (Van Stekelenburg-Hamers et al., 1995; Saito and Liu, 2004) . Importantly, B1-RESCs stably express the transcription factor Oct-4, which is important for pluripotency and stem cell renewal (Pesce et al., 1998) and is key in RESC establishment. To our knowledge, few reports have ever described the stable expression of Oct-4 in RESCs (Vassilieva et al., 2000; Demers et al., 2011; Ueda et al., 2008; Buehr et al., 2008; Li et al., 2009 ), while others have reported negative or non-stable expression of Oct-4 in rat embryonic derived stem-like cell lines (Schulze et al., 2006; Fändrich et al., 2002) . In addition, as previously shown by others (Vassilieva et al., 2000; Fä ndrich et al., 2002; Ruhnke et al., 2003; Schulze et al., 2006) , B1-RESCs express the stage-specific embryonic antigen 1 (SSEA-1), a carbohydrate present on the cell surface of undifferentiated murine ESCs but not on undifferentiated human ESCs (Gooi et al., 1981) . However, no evidence of SSEA-3 and SSEA-4 expression was found in rat-derived ESC. Oddly enough, our undifferentiated B1-RESCs cells express SSEA-3 and SSEA-4 pluripotency markers, similar to human ESCs (Fenderson et al., 1987) but not mouse ESCs (Solter et al., 1979) , in which these two markers instead are expressed upon differentiation. These findings are in agreement with Ueda et al. (2008) .
Thanks to their high stability, our B1-RESCs are surprisingly able to grow without feeders, maintaining Oct-4 mRNA expression even in the absence of LIF. A distinctive aspect of our system is that B1-RESCs can grow as single cells without a feeder layer in a mitogen-deprived medium showing a stable growth rate but decreased Oct-4 mRNA levels. This Oct-4 down-regulation is reversible and can be re-induced by LIF and bFGF administration. Due to difficulties in distinguishing between EpiSCs and ESCs, in addition to stemness markers, the presence of EpiSCs markers such as Sox-17, Foxa2, and Dkk1, was also apparent.
With regard to the difficulty in obtaining RESCs (i.e., strain vs. derivation efficiency), particularly from Sprague-Dawley rats (Demers et al., 2007; Buehr et al., 2008) , our optimized SCML medium enabled us to attain an efficiency of 61.5% in RESC derivation (over more than 20 passages).
While our B1-RESCs display a near-diploid karyotype upon extended passages and after cryopreservation, other published lines are characterized by variable genetic stability. For instance, Ueda and coworkers (Ueda et al., 2008) isolated RESCs that maintained 40% of normal karyotype but up to only 18 passages. Fä ndrich and coworkers reported that all their RESC cell lines contained only 25% of euploid cells and a substantial proportion of karyotypically abnormal cells, which could be reduced by subsequent subcloning (Fä ndrich et al., 2002) . This indicates that right after isolation and during the initial passages, cells may have a relatively low genetic stability. Instead, the RESC-like cell line derived by Demers's group possessed a normal diploid karyotype in 13 out of the 20 metaphase plates analyzed, i.e., 65% of total analysed metaphase plates (Demers et al., 2007) . Altogether, RESCs seem to be closer to human ESCs, which are also susceptible to aneuploidy during passages in culture (Baker et al., 2007; Andrews et al., 2005; Blum and Benvenisty, 2008) .
In accordance with the expected features of ESCs, B1-RESCs in feederfree suspension form EBs like mouse and human ESCs (Trounson, 2006; Okabe et al., 1996; Lee et al., 2000; Conti et al., 2005) . When cultured in monolayers on properly coated surfaces, B1-RESCs further acquire specific phenotypes as reported for other RESCs (Ruhnke et al., 2003; Schulze et al., 2006; Demers et al., 2007) , and for mouse and human ESCs (Trounson, 2006) .
Morphological changes in B1-RESCs obtained from EBs were evident already after 10 days. The expression of nestin, laminin, alpha fetoprotein, MBP4, vimentin, p75, and DCX was observed after 2 DIVs, while at a further stage of differentiation (10 and 19DIVs), cells with neuronal phenotypes (b-tubulin-, GFAP-, CNPase-, and Rip-immunoreactive cells) were also present in the cultures.
These results suggest that the B1-RESC line has a spontaneous differentiation capability, although cell morphology of a large part of the immunoreactive-cells remains undifferentiated (around 30% of nestin-positive cells after 19 DIVs). Finally, the detection of cells positive for TRa1, known to play a crucial role during embryonic development (Rodríguez-Peñ a, 1999; Barres et al., 1994; Bernal and Nuñ ez, 1995) , might constitute further evidence of the morphological integrity of the cell culture system described herein.
Oct-4 Expression
Oct-4 expression constitutes a key feature of the RESC pluripotent signature. As the link between LIF and Oct-4 expression is a crucial feature of the mechanisms regulating mouse ESC self-renewal, it was possible to demonstrate a surprising characteristic of B1-RESCs, namely Oct-4 downregulation upon LIF deprivation could be restored by LIF re-exposure. This suggests the existence of a reversible autocrine loop possibly involving endogenous gp130 ligands (Davey and Zandstra, 2006) , which presumably constitutes a unique characteristic in B1-RESC. An Oct-4 expression profile with different LIF concentrations has been reported in R1 mouse ESCs (Davey et al., 2007) .
B1-RESC Application to Drug Discovery
ESCs-derived models are undergoing active development as a tool for screening molecules, drug devices, and so on (Pouton and Haynes, 2007) . There is a strong demand for screening methods to select the most promising drugs and accelerate the development process in the pharmaceutical industry (Festag et al., 2007; McKernan et al., 2010) also to reduce animal studies in favour of in vitro systems (Piersma, 2006) . Our data support the likelihood of B1-RESC being an important adjunct in rat stem cell biology and an excellent tool for obtaining an abundant source of cells for in vitro pilot studies for drug discovery (Pouton and Haynes, 2007; Cezar, 2007; Sartipy et al., 2007) and toxicity testing (Andersson et al., 2010) . Using increasing doses of the DNA alkylating agent cyclophosphamide (Phelps et al., 2004) and the inhibitor of microtubule assembly colchicine (Li and Yurchenco, 2006) , a dose-dependent decrease in RESC proliferation was reported, concomitant with a time-and dose-dependent increase in caspase-3 protein expression. These findings further support the idea that the B1-RES-like cell line can be used as a sensitive in vitro tool for testing bioactive molecules.
These results are, in our opinion, highly relevant in the context of studies on drug screening and degenerative diseases, in particular neurodegenerative diseases in which the rat is very often the model species of choice.
Overall, the study (1) boosts the scanty ESC literature regarding the rat species, (2) shows the flexibility of B1-RESC to propagate under different conditions thus obtaining cellular systems that respond to LIF and bFGF through the regulation of the pluripotency marker Oct-4 expression, (3) is a demonstration that rat ESC lines can be used as very highly sensitive tools for testing drugs. Since rat is the species of choice for biomedical research, it would be extremely worthwhile to have rat embryonic stem or stem-like cell lines not only for cell therapy (still a hard goal to attain) but, for instance, as a source for a favourable factor release system.
EXPERIMENTAL PROCEDURES Animals
CD1 mice used for primary cultures of embryonic fibroblasts were purchased from Charles River (Breeding Laboratories, Calco, Italy). Two-month-old Sprague-Dawley rats at day 4.5 pc (Charles River) were used to obtain embryos at the blastocyst stage. Animal care and treatment were in accordance with European Community Council Directives of November 24, 1986 (86/609/EEC) and approved by our intramural committee and the Italian Ministry of Education, University and Research, in compliance with the guidelines published in the National Institutes of Health, Guide for the Care and Use of Laboratory Animals (2003) .
Establishment of Rat ES-Like Cell Lines
Mouse embryonic fibroblast (MEF) feeder layers were obtained from CD1 mice foetuses as described elsewhere (Hogan et al., 1994) . DNA synthesis inhibition was induced by mitomycin C treatment as reported in the Supplementary Methods.
Sprague-Dawley rats at day 4.5 pc were used to obtain embryos at the blastocyst stage. We followed the protocol described by Roach and McNeish (2002) with some modifications. In brief, the uterus of the pregnant rats was flushed with M2 medium (Chemicon International Inc., Temecula, CA), the blastocysts thus obtained were washed with M16 medium (Chemicon), placed on inactivated MEF in a multiwell plate (one blastocyst per well) (Corning Life Sciences, Lowell, MA) and maintained in a humidified atmosphere at 37 C and 5% CO 2 in three different media: (1) SCML (stem cell medium with LIF) prepared as previously described (Roach and McNeish, 2002) with some modifications: KO-DMEM (Knockout Dulbecco's modified Eagle's medium, Gibco-Invitrogen, Milan, Italy) supplemented with 50% SCML-CM (MEF-conditioned medium), 10% Euromed embryonic stem cell quality fetal bovine serum (ES-FBS, Euroclone, Milan, Italy), 2 mM LGlutamine (Gibco-Invitrogen), 0.1 mM MEM/NEAA (Gibco-Invitrogen), 0.1 mM BME (2-Mercaptoethanol, Sigma, St. Louis, MO), 2Â10 3 U/ml LIF (Chemicon), 4 ng/mL bFGF (Euroclone), 100 U/ml penicillin, 100 mg/ml streptomycin (Sigma); (2) KSR (knockout serum replacement): DMEM/F12 (Gibco-Invitrogen) supplemented with 50% KSR-CM (MEF-conditioned medium), 10% KSR (Gibco-Invitrogen), 2 mM L-Glutamine, 0.1 mM MEM/ NEAA, 0.1 mM BME, 2Â10 3 U/ml LIF, 4 ng/mL bFGF, 100 U/ml penicillin, 100 mg/ml streptomycin; and (3) TX-WES medium (also known as RESGRO, was a gift from Thromb-X, N.V., Leuven, Belgium, www.thrombx.com, thanks to Dr. D. Collen, Center for Molecular and Vascular Biology, University of Leuven, Belgium). This medium is commercially available (Chemicon International Inc., SCM002) but its composition is under patent (WO 2002/000847) . We used this medium supplemented with 2 mM L-Glutamine, 0.1 mM MEM/NEAA, 0.1 mM BME, 2Â10 3 U/ml LIF, 4 ng/ mL bFGF, 100 U/ml penicillin, 100 mg/ ml streptomycin. The difference between SCML and KSR media was the serum used, Euromed-Embryonic stem cell quality FBS, and knockout serum replacement, respectively.
From 10 to 12 blastocysts, one blastocyst per well, were cultured in each of the described media. Half of the growth medium was replaced every second day. After one week, only clusters showing the typical morphology of compacted ESCs were selected and passed every 3-4 days in vitro (DIV) by a combined enzymatic/mechanical method (see detailed procedure in the Supp. Experimental Procedures section). At least 10 passages were performed for each culture medium condition, obtaining different embryonic stem-like cell lines (Supp. Table S1 ). The obtained cell lines were characterized studying their proliferation capability (growth rate analysis) and morphological characteristics (compacted clusters without differentiation sings), and, of course, pluripotency marker expression by inmunocytochemistry and molecular biology. These studies were periodically performed every 8 to 10 passages (once a month). At passage number 13-15, we started to freeze cell aliquots from all the 9 cell lines obtained. The same characterization was performed also after cryoconservation (one or more frozen-thawing cycles) maintaining their characteristics. In vitro cell proliferation was studied by cluster diameter analysis as described elsewhere (Ferná ndez et al., 2006) , following the size of formed clusters as mean diameter along with the days in culture. After the first 10 passages as clusters, RESCs were also cultured without MEF in the described media. In these conditions, RESCs proliferated generating a mixed population of floating clusters and adherent single cells.
Induction of Embryoid Bodies (EBs) and Preparation of Single Cells (SC)
In order to induce EB formation, we followed the protocol described by Roach and McNeish (2002) for murine embryonic stem cells with some modifications. In brief, RESC clusters at passage 26 were disrupted and cells plated onto low attachment culture plates without MEF and maintained in a medium consisting of DMEM-F12, 2 mM L-Glutamine, 0.1 mM MEM/NEAA, 0.1 mM BME without LIF but in the presence of 4 ng/mL bFGF. Cells were cultured in these conditions changing half of the medium every 3-4 days. After one week, cells were collected and dissociated to obtain a single cell suspension. For the in vitro differentiation studies, single cells were seeded on 50 mg/mL poly-L-lysine-(Sigma) coated coverslips and grown in DMEM-F12, 2 mM L-Glutamine, 0.1 mM MEM/NEAA, 0.1 mM BME in the presence of 15% fetal bovine serum (FBS, Gibco-Invitrogen) in order to allow them to spontaneously differentiate for 2, 10, and 19 days in culture. For no differentiation purposes, single cells (sc) were cultured on standard cell culture plastics in DMEM-F12, 5% ES-FBS, 2 mM L-Glutamine, 0.1 mM MEM/ NEAA, 0.1 mM BME, and passed every 3-4 days (see Supp. Experimental Procedures section). This cell system grows as adherent monolayers maintaining a stable proliferation rate after passage and cryopreservation as studied by MTT cell viability/proliferation assay (Mosmann, 1983) .
Cell Treatments
Possible toxic effects of dimethyl sulfoxide (DMSO, Sigma) were studied in RESC clusters and single cells. RESC clusters were exposed to DMSO (0.1, 1, and 10%) for 4 days and diameter analysis was performed every 24 hr. Single cells were exposed to DMSO (0.1, 1, and 10%) for 3 days and cell viability measured by MTT assay. The chemosensitivity of undifferentiated RESC clusters was studied by means of a 4-day time-course dose-response growth inhibition assay. RESC clusters were seeded on MEF layer and then exposed to increasing doses of colchicine (Sigma) and cyclophosphamide (Sigma) (0.01-1-100 mM). Every 24 hr, pictures of the clusters were taken and diameter analysis performed.
Immunocytochemistry motorized microscope Olympus Provis IX70 equipped with an F-View II camera and the Imaging Software Cell^P (Mü nster, Germany). The system is capable of serially producing optical sectioning (0.5 mm) throughout fluorescent specimens with a thickness range of up to 600 mm. The cross-sectional image series of a thick specimen is collected by coordinating incremental changes in the microscope fine focus mechanism (using a stepper motor) with sequential image acquisition in a step-by-step manner. The deconvoluted 2D image slices were reconstructed into a composite 3D image of the required thickness. The Z-stage motorization of the microscope allowed Z-axis optical sectioning for the analysis of cluster immunofluorescence staining percentage, up to 0.5 mm thickness. Colocalization analysis in the three axes (x, y, and z) on stacks of 10 mm or thicker can be performed with this software. Caspase-3 expression in cell clusters was quantified by analyzing caspase-3 percentage of immunoreactivity in 10 layers (0.5 mm thick) per randomly chosen sphere/cluster. The value was normalized to the Hoechst 33258-positive cells percentage of immunoreactivity in the corresponding layers and the values reported in the graphs are mean values including all the replicates performed. Each experiment was performed in duplicate.
RNA Isolation, Reverse Transcription, and Real Time PCR B1-RESCs RNA isolation, reverse transcription, and real time PCR reactions were performed by following the procedures described in Supp. Experimental Procedures section. The detailed description of primers used has been included in Supp. Table S5 .
For the study of Oct-4 mRNA relative expression, we used different cell aliquots that were processed separately: n ¼ 3 different aliquots of frozen B1-RESCs clusters (CL) at different passages and after a different number of thawing-freezing cycles; ''Single cells'' (sc) samples were obtained both directly from EBs (n ¼ 2) and from frozen aliquots of single cells (sc) (n ¼ 2) that were previously obtained from EBs and then frozen. Samples were always performed in duplicate, and three independent experiments were performed.
Karyotype
Cytogenetic analysis was carried out following standard procedures on in situ G-staining metaphases. B1-RESC clusters at different passage number, also after cryoconservation (Supp. Table S2a ) were dissociated and obtained cells cultured in MEFfree conditions in the presence of LIF and bFGF for at least 2 weeks passing them every 2-3 days, in order to clean out RESCs of feeders (for detailed description of RESC clusters and single-cells passage, see see Supp. Experimental Procedures section). Cells were incubated overnight with Colcemid (0.03 mg/ml) (Karyomax, Gibco, Milan), then treated with a hypotonic solution (0.8% sodium citrate preheated to 37 C) at room temperature for 35 min and finally fixed with a solution of methanol:glacial acetic acid (3:1). Chromosomes were G-banded using HCl and Wright stain. A total of 45 metaphase spreads were karyotyped using a Nikon Eclipse E 600 microscope equipped with 20Â and 100Â objectives and CytoVysion digital imaging system 3.8 software (Applied Imaging, Pittsburgh, PA).
Teratoma Induction
B1-RESCs at passage 22 were thawed and clusters were cultured on MEF in the presence of LIF and bFGF. After 3 passages, clusters were dissociated enzymatically and cells cultured in MEF-free conditions in the presence of LIF and bFGF for 2 weeks, passing them every 2-3 days. Expression of Oct-4 mRNA in the same population of cells used for teratoma induction was confirmed by real-time PCR. A total of 10 6 cells was injected into testis of two SCID (severe combined immunodeficient) mice, as previously described (Unger et al., 2009 ). The resulting tumours were removed 5 weeks later, fixed in 4% formaldehyde, and embedded in paraffin. Four-micrometer-thick sections were stained with hematoxylin-eosin (HE) for control, or immunostained with the streptavidin peroxidise system.
Statistical Analysis
Graphs and statistical analysis were performed using GraphPad Prism 4.0 software (La Jolla, CA). Statistical analyses performed: two-way ANOVA (for cluster diameter or MTT values considering treatment and DIVs as in-between subject factor) and oneway ANOVA with Tukey's post-hoc test (applied to Oct-4 mRNA relative expression and caspase-3 immunoreactive area analysis values). Results were considered significant when the probability of their occurrence by chance alone was less than 5% (*P < 0.05; **P < 0.001; ***P < 0.0001).
